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Nuclear pore complexes (NPCs) are the macromolecular turnstiles between the cytoplasm and the nucleus
that control the trafficking of proteins, RNAs and viruses. The giant NPC structures are extremely complex.
Here, I highlight several recent findings on NPC architectures, and briefly discuss how chemical biologists
might use this information to design synthetic devices and improve strategies for nuclear drug delivery.A cell is like a country. The central govern-
ment is the nucleus. On the surface of the
nucleus, there are thousands of tiny turn-
stiles and gates (nuclear pores) that are
embedded into nuclear membranes.
These gates are multiprotein nuclear
pore complexes (NPCs). Macromolecular
transport across the pore is very fast and
is an energy-dependent process. Small
molecules (below 30 kDa, such as salts
and nucleotides) are granted free pas-
sage through the turnstile, but larger
molecules need special permission (via
nuclear localization sigals [NLS] or nuclear
export signals [NES]) and assistance from
the doormen (transport proteins, karyo-
pherins/importins/exportins) and bell-
boys (Ras family GTPase Ran). Protein
and RNA transport pathways through
these turnstiles are usually irreversible,
and directionality is provided by the
dissociation of transport complexes on
both sides of NPCs (Ibarra and Hetzer,
2015; Kabachinski and Schwartz, 2015).
Overall, we know fairly well what the mo-
bile trafficking machinery looks like and
how it functions, and we have a signifi-
cantly better view of NPCs than just a
decade ago. For example, we know that
a selective barrier to diffusion through
the NPC channel is generated by FG re-
peats, clusters of repeating phenylala-
nine-glycine residues that generate a hy-
drogel-like core of the NPC. However, a
holistic picture of the intricate relationship
and the exact nature of the permeability
barrier of NPCs remains unresolved.
The NPC, first discovered by electron
microscopists, has an outer diameter of80–120 nm and an inner diameter of
40 nm and possesses a doughnut shape
with eight-fold rotational ring symmetry
(Ibarra and Hetzer, 2015). The NPC is
composed of 30 different proteins,
termed nucleoporins/Nups (labeled Nup
followed by their predicted molecular
weight), and each Nup is present in multi-
ple copies (Kabachinski and Schwartz,
2015). Nups are conserved in all eukary-
otes and consist of various structural mo-
tifs (coiled-coils, a-solenoids, b-propel-
lers) that are used repeatedly to build the
symmetric NPC structure. Nups organize
into sub-complexes that are biochemi-
cally defined by their affinity for each
other. NPCs consist of movable trans-
porters (e.g., Rae1 and Nup98) and karyo-
pherins, a spoke-ring complex, a central
transporter, cytoplasmic and nucleo-
plasmic rings, attached cytoplasmic fila-
ments (Nup358/RanBP2, Nup214, and
Nup88) and nuclear baskets (Tpr,
Nup153, and Nup50). Nups can be classi-
fied as either core architectural Nups,
which form the stable scaffold of the
NPC, or peripheral Nups, which have
various degrees of mobility. In mammals,
the Y shaped Nups (Nup107, or Nup84 in
yeast, sub-complex) contains ten pro-
teins: Nup107, Nup85, Nup96, Nup160,
Nup133, Sec13, Seh1, Nup37, Nup43,
andELYS. TheNup62complex comprises
Nup62, Nup58, Nup45, and Nup54; each
containsFG-repeats and theyareall found
in the central pore. Another NPC sub-
complex, which serves as an adaptor pro-
teins complex that links the FG-Nups to
the nuclear membrane, is the Nup93/Chemistry & Biology 22, October 22, 2015Nic96 complex. This sub-complex com-
prises Nup93/Nic96, Nup188, Nup205,
Nup155, and Nup35 in humans. Some
Nups also contain transmembrane (TM)
domains that connect to the NPC scaffold
through the Nup93 complex, specifically
Pom121, Gp210, and Ndc1 (Ibarra and
Hetzer, 2015; Kabachinski and Schwartz,
2015) (Figure 1A). This complexity makes
determining the structure of NPCs incred-
ibly challenging. Most structural biology
efforts aimed at the NPCs employed a
divide-and-conquer approach in which
structures of NPC sub-complexes or indi-
vidual Nups are first determined at rela-
tively high resolution by techniques such
as X-ray crystallography and NMR and
then assembled into higher-order-struc-
tures. The process of putting all the pieces
together is usually done using a com-
bination of computational analyses and
lower resolution cryo-electron micro-
scopy (EM) or cryo-electron tomography
(ET) data.
Structural biology of the NPCs is an
active research field and 2015 has turned
out to be a very productive year. I will
provide a brief summary of some of the
reports that came out recently, and I
apologize in advance to others that, due
to the constraints of this Preview, are not
included.
Earlier this year, Stuwe et al. (2015a)
described a crystal structure of the intact
coat nucleoporin complex (CNC),
commonly referred to as the Y complex,
of Saccharomyces cerevisiae at 7.4 A˚ res-
olution, showing a curved, stubbed topol-
ogy. Stuwe et al. (2015a) demonstratedª2015 Elsevier Ltd All rights reserved 1285
Figure 1. Model for NPC
(A) A schematic representation of the proposed approximate locations of
30 nucleoporins.
(B) An electron micrograph of the nuclear periphery of colon cancer HCT116
cell.
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CNC structure they obtained
fit into a previously reported
cryo-ET map of human NPC
(Bui et al., 2013) as a double
ring of Y complexes, providing
insight into a possible overall
NPC architecture. At about
the same time, Kelley et al.
(2015) presented the 4.1 A˚
crystal structure of a heterote-
trameric core element (‘‘hub’’)
of the Y complex from Myce-
liophthora thermophile and
combined this information
with existing structures of
different Y complex compo-
nents to build a model of the
entire assembly. The result is
a curved, stubbed Y, similar
to Stuwe et al. (2015a), but
their attempt to fit their model
of Y complex structure into
the cryo-ET map (Bui et al.,
2013) resulted in a different
suggestion—that perhapsNPCs contain a single ring of Y com-
plexes. Kelley et al. (2015) advise that a
lot of caution should be exercised at this
point whenmodeling and fitting structures
into available cyoEM and cryoET maps
given their limited resolution, possible Y
complex flexibility, and existing questions
surrounding the exact mass of the NPC.
In another paper, Stuwe et al. (2015b)
focused on analyzing the inner ring com-
plex (IRC), the region of NPC that forms
the central transport channel and diffu-
sion barrier. The authors use size-exclu-
sion chromatography coupled to multi-
angle light scattering (SEC-MALS) to
carefully examine different constructs of
Nups and Nup complexes to establish
the composition and stoichiometry of the
IRC components. Additionally, this type
of analysis enabled identifications of the
constructs most suitable for structural
characterization and led to structures
of Nup192TAIL, Nup188TAIL, Nup82NTD-
Nup159TAIL-Nup145NAPD cytoplasmic
filament nup complex (CFC), and the
Nsp1-Nup49-Nup57 channel nucleoporin
hetero-trimer (CNT) bound to the adaptor
nup Nic96R1. Some of the most inter-
esting observations that Stuwe et al.
make based on these structures are that
CNT uses adaptor nucleoporin Nic96 to
connect to the rest of IRC and that the
N-terminal tails of channel Nups point in1286 Chemistry & Biology 22, October 22, 20the same direction, thus making it easy
to envision how FG repeats are organized
to protrude into the NPC channel. Based
on the structural and functional analysis,
Stuwe et al. (2015b) propose that the
IRC acts as a rigid scaffold. IRC’s main
role is to recruit the CNT, and CNT in
turn forms the diffusion barrier of the NPC.
The next set of structural information
came from Chug et al. (2015), who re-
ported the structure of the FG
Nup62,58,54 Xenopus complex. Co-
expression of all three subunits resulted
in a soluble 1:1:1 stoichiometric complex
that could be structurally analyzed. The
Nup62 complex comprises a 130 A˚-long
trimerization interface, and Chug et al.
propose that the elongated Nup62 com-
plex projects barrier-forming FG-repeats
far into the central NPC channel and that
this is likely how the NPC barrier is
formed.
Work by Koh and Blobel (2015) pro-
posed a central dilation model, in which
allosteric coupling between a structured
domain of a channel nucleoporin Nup58
and Nup54 and a transport factor
(Kapb1) exists. Analysis of multiple equi-
libria showed that multivalent interactions
of Kapb1 with the disordered domains of
Nup58 stabilize the neighboring struc-
tured domain associated with Nup54,
shifting the conformational equilibria15 ª2015 Elsevier Ltd All rights reservedfrom homo-oligomers to het-
ero-oligomers. Together with
previously published crystallo-
graphic data, Koh and Blobel
(2015) proposed that constric-
tion and dilation of the central
channel are a function of
transport factor occupancy.
Whether this model will stand
the test of time is yet to be
seen, but it offers an inter-
esting mechanistic possibility.
One thing to note is that NPC
remains a field with competing
models and without a firm
consensus on the exact NPC
structure. Indeed, new data is
beginning to emerge that sug-
gests that the structure of
NPC changes as a function of
the level of transcription in the
nucleus. Recent cryo-ET work
on the Xenopus NPC achieved
the resolution in 20–30 A˚ range
and delivered several inter-
esting results (Eibauer et al.,2015). First, although FG repeats are
considered to be intrinsically disordered
domains, the cryoET reconstruction of
the Xenopus NPC shows the central
channel ring (CCR) made of FG repeat
Nups, which suggest some ordering in-
side the channel. Additionally, cryoET re-
constructions done under different condi-
tions show that NPC changes structure
depending on the level of transcription,
with the biggest differences observed for
CCR and the nucleoplasmic ring.
Additionally, von Appen et al. (2015)
combined biochemical analysis and cry-
oET with mass spectrometry and compu-
tation modeling to propose previously
unknown protein interfaces across Y
complexes and inner-ring complex mem-
bers. They further demonstrated that the
upper filament nucleoporin Nup358/
RanBP2 is involved in Y-complex oligo-
merization. This new information blurs
the conventional boundaries between
scaffold and transport-channel Nups.
Currently, several questions remain
regarding the structure of NPC: (1) some
Nup–Nup interactions (between sub-
complexes) are weak and, thus, poorly
defined by proteomic tools. Moreover,
the current resolution limits of cryo-EM
remain insufficient for docking individual
nucleoporin structures. Therefore, the
precise stoichiometry of the nucleoporins
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solved. (2) Why are there species-depen-
dent mass/size differences for NPCs? (3)
Do all the pores inside a cell adopt the
same structures, or do different pores
contain differing Nup components with
varied functions?We know that in prolifer-
ative cells, Nups play a crucial role in
genome integrity maintenance and
mitotic progression (Ibarra and Hetzer,
2015). (4) Do we independently have tran-
scription pores and transportation pores
on our nuclear envelope surface? Unlike
in normal cells, some pores in cancer cells
are entirely surrounded by chromatin and
likely perform transcription and epige-
netic memory functions (Figure 1B).
Finally,why should thechemical biology
community pay attention to these struc-
tural biology studies? Aberrant functions
of Nups and NPCs have been implicated
in many diverse human pathologies,
including autoimmune diseases (Nup358/
RanBP2), viral infections (Nup358/
RanBP2, Tpr and Nup153), neuronal dis-
eases (RanGAP1), cardiomyopathies
(NDC1, Nup160, Nup153 and Nup93),
and cancers, especially leukemia
(Nup98, Nup214). Therefore, developing
small molecule modulators of the NPCmight be of potential therapeutic interest,
as well as of basic science research inter-
est given that some of the unresolved
questions about the NPC function might
benefit from using small molecule probes
to dissect mechanistic steps and nu-
ances. There is, of course, another dimen-
sion towhychemical biologists shouldpay
close attention to what the NPC looks
likes. The efficacy of many therapeutic
agents depends on the ability of these
compounds to reach the target inside the
nucleus. Therefore, improved structural
view of the NPC is likely to help with
designing and developing more efficient
nuclear drug delivery strategies for large
molecules and systems.
Every cloud has a silver lining. It is
hoped that by combining crystallog-
raphy, NMR, single-particle EM, EM to-
mography, super-resolution microscopy
(STED), AFM, mass spectrometry, and
numerous new methods, a holistic model
of the NPC can be generated. This, in turn,
will give chemical biologists tremendous
opportunities to address many aspects
of yet unsolved challenges such as finding
clear-cut routes of nuclear drug delivery
and designing synthetic devices mim-
icking crucial properties of the NPC.Chemistry & Biology 22, October 22, 2015REFERENCES
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